Transmission electron microscopy of decaying CCA-treated Pinus radiata timbers from an industrial water cooling tower showed the presence of a thick biofilm covering some areas of the wood. The biofilm contained various morphologically distinct forms of microorganisms embedded in a slime. The study provided evidence of the activity of soft rot fungi and tunnelling and erosion bacteria in wood cells covered by the biofilm. The extent of microbial darnage to wood cells varied, with combined fungal and bacterial attack having the most damaging impact.
Introduction
Conditions of high humidity and favourable temperatures for fungi and bacteria provide an ideal environment for microbial colonisation of timbers placed in service in water cooling towers (Eaton & Iones 1971a, b; Irvine et al. 1972) . Some of these organisms are able to degrade untreated or preservative treated timbers converting polymeric constituents of the wood cell wall into simple substances they can utilise.
Timbers in cooling towers may also be degraded by chemicals added to the water to retard microbial growth. In the past, addition of chlorine in relatively high amounts often resulted in depolymerisation of lignin in wood cell walls, rendering wood more easily accessibleto microbial activity. In more modern practices, where the level of chlorine in the circulating water is kept sufficiently low to keep the pH elose to neutral, the risk of chemical degradation is greatly minirnised.
The literature on cooling towers with respect to microbial colonisation of wood and subsequent microbial activity is volurninous (see Eaton 1969; Eaton & Iones 1971a, b) . Biodeterioration studies on cooling tower timbers prior to 1970 have been reviewed by Eaton and Iones (1971a, b) . Cooling tower timbers are known to be attacked by both fungi and bacteria (Greaves 1968 (Greaves , 1969 Greaves & Foster 1970; Chandra & Pant 1973; Eaton & Dickinson 1976; Holt et al. 1979) .
Soft rot fungi feature prominendy among the fungal flora isolated from cooling towers. Since the initial studies of Findlay and Savory (1950) on the importance of ascomycetes and fungi imperfecti in the deterioration of water cooling tower timbers many investigations have confirmed the important role of soft-rot fungi (see Eaton & Iones 1971a for references) . Bacterial importance in the degradation of cooling tower timbers has also been recognised (Greaves 1968; Eaton 1969; Irvine 1974; Furtado 1978) .
Microbial colonis·ation and succession on wood and other solid surfaces have received attention in several studies (Zobell & Allen 1935; O'Neill & Wilcox 1967; Corpe 1970; Marshall et al. 1971; DiSalvo & Corbet 1974; Dexter et al. 1975; Cundell & Mitche1l1977) and the presence of biofilms in a wide range of natural environments has been weIl documented (see Costerton et al. 1985) . However, litde is known of the microbial composition of biofilms which form on wood surfaces. In wood biodeterioration studies, surface debris is often scraped (and the biofilm along with it) in order to gain access to wood areas undergoing degradation.
This paper describes studies on the biofilm and associated wood decay observed in copper-chrome-arsenate (CCA) treated wood. The timber was treated to aretention of 13.5 kg/m 3 and placed in service in an industrial cooling tower as part of the framework in 1982. Investigations of decayed wood from the framework timber have shown that the degradation of the wood cell wall was mainly caused by the activity of soft-rot fungi, and tunnelling and erosion bacteria. There is little available information on biofilms and their resident rnicroflora in relation to wood decay, and the objective of this study is to provide new information on this subject
Materials and Methods
The cooling tower from which sampIes were obtained is a conventional cross flow mechanical draught type with wooden lath fill. It was visually inspected during normal operation from an access walkway in the centre, immediately above the water collection basin. The Pinus radiata frarning timber had been treated with copper-chrome-arsenate (CCA) preservative to a minimum specification of 13.5 kg/m3 (commercial salt). Previously, timber sampies analysed for preservative chemical retention indicated that there had been preservative loss since installation. The softness of the wood surface indicated that degradation was occurring, and sampies were taken for microscopic exarnination.
Decaying areas of the timber in the framework were removed and brought to the laboratory in plastic bags in a moist condition. Hand sections were made and observed under the light microscope to locate areas of decay. Wood areas of interest were fixed either in 1 % aqueous KMn04 (potassium permanganate) for 2 h or in 3% glutaraldehyde (in 0.05 M sodium cacodylate buffer) for 5 h at room temperature. KMn04 fixed samples were washed in distilled water and glutaraldehyde-fixed sampies in the buffer with several changes of the washing liquids. Glutaraldehyde-fixed sampies weresubsequently postfixed in 2% osmium tetroxide (in 0.05 M sodium cacodylate buffer) ovemight at 4°C and then washed in the buffer. All sampies were dehydrated in a graded series of acetone prior to embedding in Spurr' s low viscosity resin (Spurr 1969) . Sections were cut at 2-3 11m with glass knives on a LKB ultramicrotome for light microscopy. Ultrathin sections were cut with a diamond knife on the same microtome, stained with either 1 % KMn04 or with uranyl acetate and lead citrate and examined in a Philips 300 transmission electron microscope (TEM).
Results

The biofilm
The outer surface of the decaying areas of the timber was discoloured due primarily to the presence of a thick slime (biofilm) covering wood cells. It was fairly easy to scrape off, and heavily degraded wood is generally removed along with the biofilm.
A prominent biofilm (about 45 11m thick) covering an area of the wood is shown in Figure 1 . The biofilm appears to be in elose contact with underlying wood cells which are heavily degraded in some areas. Cracks and discontinuities are widely present in the walls of wood cells.
A low magnification TEM view of the biofilm reveals large masses of slime containing mixed microbial populations (Fig. 2) .' Some areas of the slirne appear denser than others, and the distribution of microbial populations is not homogeneous. Microorganisms are seen singly as weil as in microcolonies. However, considering the extreme thinness of sections (50-80 nm) it is possible that the microorganisms which appear singly may in fact belong to a group of similar organisms, and that only a small region of the colony is ineluded within the thickness of the section. Some of the microbial forms are very diverse. At least five morphologically different microbial forms are identifiable in the area shown in Figure 2 . Dense detrital materials also are present in places in the biofilm but they appear to have no particular association with the organisms. These materials are probably present on the wood surface and consequently become embedded in the biofilm as the microbial populations adhere to the wood surface and the stirne is deposited.
The diverse nature of microbial forms in the biofilm is further illustrated in Figure 3 . In a relatively small area, at least four different microbial forms are discemible.
Two of the microbial forms in the biofilm, a conspicuous bacterium and a bacterium with a dense interior, are shown in Figures 4 and 5 respectively. The bacterial cell in Figure 4 is densely packed with granules (ribosomes) and contains some light areas, one of which (a more regular form) appears to be PHB (polyhydroxybutyrate) type storage material. A bacterial cell with dense interior is shown in Figure 5 . Despite the high density of the cell interior, a fibrillar area is recognisable. The material contained in this area may be DNA (deoxyribonueleic acid). 
Microbial attack 0/ wood
The wood cells underlying the biofilm are attacked by both fungi and bacteria Transmission electron microscopy proved very valuable in identifying the varlous degradation types, which are often present in the same areas of the wood cell wall.
The fungal attack appears to be of a softrot type, and is identifiable on the basis of the characteristic fonn of the cavities present in the S2 layer of wood tracheids. Bacterial attack is of two fonns: tunnelling and erosion, the fonner being more common. Some areas of tracheids contain only soft-rot cavities, and bacterial attack is entirely absent In other areas, combined attack by soft-rot fungi and tunnelling bacteria is seen in the same part of the tracheid wall. There are also instances where all the three fonns of attack (i.e., soft rot, tunnelling and erosion), are present within the same area of a tracheid.
Figures 6 and 7 provide a comparlson of images showing moderate (Fig. 6 ) and extensive (Fig. 7) degradation of tracheid walls. Figure 6 provides an example of exclusive soft-rot attack. Discrete soft-rot cavities are present in the S2 layer, but there is also an indication of the coalescence of adjoining cavities. In some areas, cavities are seen to partially penetrate the SI layer. A layer of dense material is invariably present along the margin of the cavities. The dense layer is irregular in width and appears to be detached from the undegraded wall in places. Some fungal' hyphae are present in the lumen as well as closely applied to the luminal wall of the tracheid. We consider Figure 6 to provide an example of a moderate soft-rot attack where about 20-30% of the tracheid wall appears to be affected.
An example of extensive wood cell wall degradation is shown in Figure 7 . Here, all areas of the tracheid wall, except the compound middle lamella (ML), have virtually disintegrated. It is remarkable that despite almost totalloss of the S21ayer, parts of the S3 layer are recognisable. These wall areas appear to be 'hanging on' to underlying small areas of the S2 layer which remains in modified or unmodified fonns. A dense coating of CCA preservative over the luminal face of the S3 layer is also present allowing this walilayer to be easily recognised.
Soft-rot cavities are present mainly in the S2 layer. They are discrete in some areas, but collapsed or distorted in other areas where the wood cell wall material is absent. A comparison of Figures 6 and 7 provides infonnation on the fonn of soft-rot cavities. At a stage where soft-rot attack of the tracheid wall appears moderate (Fig. 6 ) cavities are relatively small and regular. Cavities are larger and more variable in their fonn in advanced stages of attack, being elongate or of a scalloped fonn (Fig. 7) . A dense granular material invariably surrounds soft-rot cavities regardless of the forms of cavities or the stage of fungal attack. This material is absent from around the fungal hyphae which are present in the lumen of the tracheid (Figs. 6, 7) . The granular material reacted positively to KMn04 becoming dark. Figure 6 shows that the material is at least as dark as the ML.
Tunnelling bacteria (Fig. 7 ) more frequently attack the middle lamella than do the softrot fungus which only occasionally penetrates the ML with the help of a perforation hypha (Figs. 7, 8) . Tunnels are present in greatest numbers, however, in the S2 region of the tracheid wall. Like soft-rot cavities, tunnels are seen intact, distorted and disrupted or devoid of bands, depending upon whether the tracheid wall around the tunnels is sound or degraded. In heavily degraded areas, where linIe wall material remains, tunnels are extremely distorted or disrupted due to lack of a support from the surrounding wall (Fig. 6) . Figure 8 is a high magniflcation view of an area where the ML is traversed by a thin perforation hypha. TIi'e hypha itself is poorly preserved after KMn04 fixation but a den se granular material, similar in appearance to that present around soft-rot cavities, is present elosely applied to the hyphal wall.
The view shown in Figure 9 graphically illustrates the presence of bacterial tunnels within much of the SI and S2 wall areas that are not occupied by soft-rot cavities. While tunnels generally follow the course of the wall microfibrils in the Sllayer, their direction is variable in the S2. Although tunnels are seen in large numbers in inner regions of the S2 layer and in much of the SI layer which are free of soft-rot cavities, they are also present in areas of the S2 layer where soft-rot cavities are abundant, penetrating available wall areas between cavities (Fig. 9) . Tunnels are absent only in those areas of the S2 layer where very elose juxtaposition of soft-rot cavities appears to restrict entry by tunnelling bacteria.
A higher magnification view of an area in Figure 9 provides a elearer picture of the intrusion by tunnels into available areas-among soft-rot cavities. Tunnels are easily dis tinguishable by the periodic transverse walls seen in Figure 10 as crescent-shaped bands. The bands are absent or indistinguishable where adjoining tunnels are seen coalescing. The length of interband regions (tunnel compartments) is variable, tunnels are generally longer in the SI than in the S2. The granular material (degraded wall) surrounding soft-rot cavities sharply contrasts with the lighter staining sound areas of the S2 (Fig. 10) . Tunnels are present within apparently sound areas of the tracheid wall, i. e., the dense granular material which is characteristically associated with softrot cavities does not surround tunnels.
There are areas in the wood where there is a combined attack by soft-rot fungi and tunnelling and erosion bacteria in the same wall areas of a tracheid (e.g. Fig. 11 ), but this is less common than combined attack by softrot fungi and tunnelling bacteria. Figure 11 shows bacterial erosion of a wide area of the tracheid wall. The product of erosion (residual material) spreads partially into the lumen of the tracheid. The boxed area in Figure 11 shows the attack of the tracheid wall by erosion bacteria at the luminal face. Crescent shaped erosion troughs elosely conforming to the bacterial form are present. The luminal face of the remaining eroded wall in Figure  11 appears less regular and is overlain by masses of a diffuse material. This material is probably a mixture of the residual wall material and bacterial slime.
Bacterial erosion of pit borders is illustrated in the inset in Figure 11 . Here, the borders on one side of the pit pair are eroded while those on the opposite side appear sound. The wall facing the pit cavity is coated with a thin layer of CCA preservative. Despite extensive degradation of pit borders on one side, the preservative layer, albeit very thin, is elearly discemible. The pit pair shown here (Fig. 11) is aspirated, the torus being elosely applied to the wall of the undegraded borders thus blocking one of the apertures of the pit pair.
A high magnification view of the boxed area in Figure 11 reveals details of the morphology of erosion bacteria and the slime associated with these bacteria (Fig. 12) . The erosion bacteria are nearly circular in cross section and are surrounded by a slime which appears fibrillar (Fig. 12) . The erosion bacteria are associated with the substrate via extra- Fig. 11 . Transverse section through part of a tracheid. Dashes outline some of the diffuse material. Erosion bacteria (EB) are identifiable by the characteristic crescent form of adjoining erosion troughs. Part of the degraded wall containing tunnels (T) has detached from the parent wall on account of the degradation of the underlying wall by erosion bacteria. Soft-rot cavities (SRC) are also present. The boxed region is shown at a higher magnification in Fig. 12 . The inset shows extensive degradation of a pit border. TEM; x 8,250. Bar = 111m (Fig. 11 and inset) . Fig. 12 . A high magnification view of the boxed region in Fig. 11 showing two erosion bacteria (arrowheads) side by side in an.,area of the tracheid wall undergoing degradation. The fibrillar material (asterisks) which surrounds bacterial cells also fills the region intervening between bacteria and sound areas of the tracheid wall. RM: residual material; UDW: undegraded wall. TEM; x 82,500. Bar = 100 nm. cellular slime which fills the region intervening between bacteria and sound areas of the tracheid wall. The degraded wall (residual material) appears reticular and much less compact than the sound wall (Fig. 12) .
Discussion
The biofilm TEM in the present study has revealed that a large variety of microorganisms are embedded in extracellular slime on timber from a cooling tower. Organisms generally were present in microcolonies, probably in a wellstructured fashion as suggested for biofilms which form in other situations (see Costerton et al. 1987 Costerton et al. , 1988 . No stratification of the type observed by Stolz (1984) was noted across the biofilm in the present study.
The slime present in the biofilm also encloses primary wood degraders (tunnelling and erosion bacteria) and may function in several ways: 1) the slime matrix may provide a medium in which daughter cells of dividing microbes are held thus allowing microcolonies to form; 2) the slime may trap and retain nutrients, minimising losses of degradation products to the water; 3) the slime may protect the microbial community against removal by water; 4) the slime may protect the microbial community against antimicrobial or harmful chemical agents (Ruseka et al. 1982) and from phagocytic organisms (Schwarzmann & Boring 1971) .
Microbial attack 0/ wood-fungi
In the present study, TEM of degraded cooling tower timbers has provided c1ear evidence that wood deterioration was largely due to microbial activity. Furthermore, the application of TEM made it possible to c1early ide~ti fy the various forms of the degradation present. Whereas previous studies of decaying cooling tower timbers showed the wood degradation due to microbial attack to be caused by both fungi and bacteria (Greaves 1968; Eaton & Jones 1971a, b ) the present study, in addition to confirming these observations, has identified bacterial attack of the tunnelling type to have played a significant role in the deterioration of cooling tower tirnbers.
The importance of soft-rot fungi in wood deterioration was first recognised by Findlay and Savory (1954) . Since then numerous studies have shown the presence of soft-rot fungi in deteriorating wood, inc1uding timbers from cooling towers (Greaves 1968; Eaton & Jones 1971a, b; Holt et al. 1979) , and several reviews have appeared on the subject (Levy 1965; Findlay 1970; Liese 1970; Nilsson 1976; Takahashi 1978) . The images seen in Figures 6 and 9 suggest that the pattern of soft-rot degradation is of the cavity forming type (Nilsson 1976) . The presence of soft-rot cavities in the S2 layer indicates a preference of the fungus for this layer, and their absence in the ML would suggest inability of the fungus to attack this part of the wood cell wall.
Studies on the chemistry of soft-rot attack are limited. The information available suggests that during the attack wood carbohydrates are degraded in preference to lignin (Levi & Preston 1965; Eslyn et al. 1975; Nilsson et al. 1989) . Of the carbohydrates, losses in both cellulose and hemicelluloses occur due to soft-rot attack (Levi & Preston 1965; Seifert 1966; Henningsson 1976) . Although lignin los ses up to 40% have been reported , losses in lignin are generally significantly lower than losses in carbohydrates. Additionally, the degradation of lignin appears to be variable depending upon the type of lignin (Nilsson et al. 1988 ) and the species of soft-rot fungi. The importance of the amount and type of lignin in wood decay by soft-rot fungi is apparent from studies showing greater susceptibility of hardwoods (than softwoods) to soft-rot attack (e.g., Butcher & Nilsson 1982) . The positive reaction of the granular material, which invariably surrounds soft-rot cavities, with KMn04 suggests this material to be phenolic. Considering that certain fungi are known to produce melanin pigments, the granular deposits around soft-rot cavities may also represent accumulations of slime and melanin in addition to lignin degradation products .
It is not surprising that the cooling tower timbers exarnined in this study were attacked by soft-rot fungi and not basidiomycetous fungi, as soft-rot fungi can tolerate high moisture levels, inc1uding waterlogged conditions (Savory 1954) , better than basidiomycetes. The alkaline pH (7.6-8) of the circulating water would have also favoured the growth of soft-rot fungi over basidiomycetes. Softrot fungi are known to be more tolerant to alkaline conditions than basidiomycetes and can grow throughout the range of pH 3-9. Soft-rot fungi can grow under low levels of nutrients and are capable of attacking wood without any additional nutrients (Blanchette et al. 1990) . These fungi are known to tolerate a wide range of temperatures from freezing point (Land et al. 1985) to 62°C (Tansey & Brock 1978) .
There are indications that preservative treatments adequate to prevent basidiomycete decay may be insufficient to prevent soft-rot attack (see Savory 1954) . The timbers exarnined in the present study had been treated with the CCA preservative to aretention of 13.5 kg/m 3 prior to installation in 1982. Chemical analysis (data not included) showed that some preservative had been lost, confirming earlier reports of leaching of CCA preservative from timbers exposed to cooling tower conditions (see Irvine et al. 1972) . Despite this, it appears that the levels of preservative in the timber we examined were sufficient to discourage basidiomycete attack. However, as shown by Figures 6, 9 and 10, the levels of CCA present provided insufficient resistance to soft-rot attack. The mechanism of tolerance to the CCA preservative by soft-rot fungi may be similar to that demonstrated for tunnelling bacteria (Daniel & Nilsson 1985) .
Microbial attack oi wood-bacteria
The bacterial attack of the cooling tower timber we examined involved the activity of tunnelling and erosion bacteria. Although bacterial attack of cooling tower timbers previously has been documented (Savory 1954; Greaves 1968 Greaves , 1969 Greaves & Foster 1970; Holt et al. 1979) , using TEM we have shown for the first time that, in addition to attack by soft-rot fungi and erosion bacteria, the cooling tower timbers were also attacked by tunnelling bacteria. Tunnelling bacteria appear to play a major role in the degradation of the wall, as judged by the extent to which bacterial tunnels were present in the wood cell walls. In recent years, TEM has played a vital role in clearly resolving the fine details of the intricate tunnels that form during the tunnelling attack and of the ultrastructure of the organisms responsible for this type of attack (Nilsson & Danie11983; Butcher et al. 1984 ; Daniel et al. 1987; Singh et al. 1987a; Singh 1989; Blanchette et al. 1990; Singh & Butcher 1990) . The tunnelling type of attack in the timbers we examined was perhaps not unexpected, as this type of bacterial attack is now known to be very widespread in nature (Blanchette et al. 1990) , and tunnelling bacteria are known to tolerate far greater levels of CCA preservative (up to 64 kg/m 3 ) than present in the wood samples examined in this study. Tunnelling bacteria can concentrate the components of CCA preservative in their extracellular slime (Daniel & Nilsson 1985) .
The micrographs in this report show that tunnelling bacteria are able to make very effective use of the available wood cell wall by penetrating into wall areas not occupied by softrot cavities. Apparently, tunnelling bacteria can degrade the lignin-rich middle lamellae which neither the soft-rot fungi nor erosion bacteria are able to attack. Clearly, in the mixed microbial attacks seen, tunnelling bacteria may have a major role in degrading the cooling tower timber.
The attack of cooling tower timbers by erosion bacteria has been reported before (Greaves 1968 (Greaves , 1969 Holt et al. 1979) , but no reference has been made with respect to the type of erosion present. The erosion form ofbacterial degradation present in the material we examined is of the type BE2, according to IA W ABulIetin n. s., Vol. 13 (2), 1992 the classification of Nilsson (1982) . In this type of attack, erosion bacteria align themselves in a very regular manner on the surface of the S3 layer and are oriented along the cellulose microfibril (Nilsson 1982; Daniel & Nilsson 1986; Singh et al. 1987b) . During degradation of the wood, these bacteria produce long, narrow erosion troughs (Daniel & Nilsson 1986 ) which appear crescent-shaped when viewed in transverse sections (Daniel & Nilsson 1986; Singh & Butcher 1990; .
Erosion bacteria apparently can tolerate the toxicity of CCA preservative (Greaves 1968; Holt et al. 1979; Singh & Butcher 1985) , but the extent of the tolerance has not been experirnentally determined.
The attack by erosion bacteria was easily identifiable with TEM. However, since this type of attack was much less frequent than the attack by soft-rot fungi or tunnelling bacteria at least in the areas of the wood examined, the pattern would have been difficult to identify by light and scanning electron microscopy. The reticular appearance of the degraded wall (residual material) was similar to that of the residual material observed earlier in wood cell walls degraded by erosion bacteria (Singh & Butcher 1985; . Although the exact chemical nature of the residual material remains unknown, it is likely that the material is largely a lignin degradation product, judging by its reaction to the KMn04 stain. Some polysaccharide degradation products and bacterial slime may also be part of this material, as suggested earlier (Singh et al. 1987b) .
The observations presented here clearly show that combined fungal and bacterial attack can readily degrade cooling tower timbers and the activity of the three types of microorganisms can result in almost total disintegration of wood cell walls. The ability of tunnelling bacteria to invade residual areas of the degraded wood cell walls and to degrade highly lignified ML, appears to complement other types of microbial attack. The exact nature of the physiological relationship between the organisms (soft-rot fungi, tunnelling and erosion bacteria) associated with the degradation of the wood cell walls in the present study remains unknown. These organisms may function in a mutualistic relationship. Blanchette and Shaw (1978) have reported enhancement of wood degradation by basidiomycetes and of fungal growth in the presence of bacteria.
Conclusion
This study, which was undertaken to determine the cause of the degradation of cooling tower timbers, provides evidence that deterioration of such wood resulted primarily from combined attack by soft-rot fungi and tunnelling and erosion bacteria. The observations are considered significant for the following reasons. Although soft-rot attack of cooling tower timbers has been reported before, there is no record of the degradation of cooling tower timbers due to attack by tunnelling bacteria. The study provides evidence of a combined soft-rot and bacterial attack occurring in the same areas of wood cell walls.
